ENGINEERING
& DEPARTMENT

Materials for magnets & measurements - Il

m
2
p-]
-
7]
-]
M

A

- ]
" S
;‘ | o
& 2

[ ]

u _

T

Lecture |, Mon Nov 27
o Introduction and bibliography
o Magnetic properties of materials: types of magnetic behaviour
o Families and behaviour of magnetic materials

Lecture Il, Tue Nov 28
o Materials for magnets: structural, cryogenics, vacuum
o Non-magnetic materials, phase transformations and measurements
o Case study: a low permeability stainless steel for the CMS HG-CAL

CAS course on "Normal- and Superconducting Magnets", 19/11 - 02/12/2023, St. Polten, Austria

Stefano Sgobba



But it is by far the magnet the most spectacular stone which
| wrote about above. | am also pleased to add here a picture
of a magnet, as by looking at the stone itself it could not be

properly expressed the iron slag which she draws, sticking
out of it, like if the needle would understand the iron to be

there...
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Magnes the shepherd, Pliny's Na
Nicander is our authority that it was called Magnes from the man who first discovered it on Mount Ida and he is said to have
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turalis Historia, Book XXXVI, "The Natural History of Stones", chapter 25 - “The Magnet”:

found it when the nails of his shoes and the ferrule of his staff adhered to it, as he was pasturing his herds.


https://en.wikipedia.org/wiki/Natural_History_(Pliny)
https://en.wikipedia.org/wiki/Natural_History_(Pliny)

Types of magnetic behaviour, summary

Type Material At T =295 K2 References and Comments
— /

Type Material At T=295 K2 AET=42K2 References and Comments
Diamagnetic Cu kx=-93%10" lk=-9.4x10" Fickett (1976); very pure Cu

Nb Paramagnetic flx =-1 Buperconductor below 9 K
Paramagnetic Al k=20%10" fx=25x10" Fickett (1976)

Ce k=16x107 fe=23x10" Edelstein (1968)

Potassium- k=16X10"7 k=32X10"° DeHaas and Gorter (1930)

chrome-alum”

Fe-22Cr-13Ni-5Mn |« = 2.1 X 107 Antiferromagnetic dbetter and Collings (1979)
stainless steel ‘

Ferromagnetic Low-carbon ©u, = 5250 N M 4900 (max.) McInturff and Claus (1970a)
steel (max.) ‘
Si steel (1.8% Si) i, = 6250 » = 9700 (max.) McInturff and Claus (1970a)
(max.)
Ferrimagnetic Fe;0, =53 u, = 5.5 Pacobs (1959) — 4 K: Nagata (1961) - RT
Assumes saturation at 0.11 MA-m™'
(1.4 kOe)
Antiferromagnetic Fe—-22Cr—-13Ni—5Mn | Paramagnetic fjx = 6.0 X 10° [_edbetter and Collings (1979)
stainless steel
*Si units
°Cr: (S04)»K:S04:24H,0
‘T=14K

R.P. Reed, A.F. Clark (1983)
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LHC DIPOLE STANDA
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Materials for
magnets:
structural,
cryogenics,
vacuum: the LHC
dipoles example

S. Sgobba, G. Hochoertler, A new
non-magnetic stainless steel for
very low temperature
applications, Proc. Int. Congress
Stainless Steel '99 : Science and
Market, pp. 391-401

« Magnetic permeability
1.005 max in the whole T
range (4.2 Kto RT)

 From electroslag
remelted ingots

« Rolled strip, forged bars
= extruded + drawn

pipes
‘ « Laser welding



Compared magnetic susceptibility of different austenitic SS
and their laser weldments

Development of a new stainless steel (“P506”) for the LHC beam

screen and the cooling capillaries s. Sgobba, C. Boudot,

Materiaux et
Techniques 95, n° 11-
12, p. 23 (1997)

1.E-02 / \
9.E-03

8.E-03

Challenging scope:

o Magnetic susceptibility < 5-10-3 at operating T in weld and

7.E-03 o316l
—e—304L
parent material 6.E-03 ",/ UNS21904

UNS21904 - laser welded (Butting)
—e— P 506 - base metal
------ P 506 - laser welded Ar/He
——— P 506 - laser welded N2/He

Fully stable

Absence of hot cracking
High strength and toughness (> 200 J)
Thermal contraction not far from 316LN
Corrosion behaviour ~ 304L, 316LN
Affordable price (several tens of km..

5.E-03

4.E-03 |

relative susceptibility / Si

3.E-03 -

2.E-03 |

World Metal Index

Central Library Building,
Surrey Street,

| ) Sheffeld S1 IXZ. UK 200 250 300

O O O O O O

- Telephone: +44 (0)114 273 47141 273
ADVANCED MATERIA[S & PROCES /. m =M 2000 NICKEL, VOL. 15, NO. 1, SEPTEMBER 1999 World cMetal Index Z AT 471412
| WMUAEB
S.S-pD

resistance to corrosion in reducing

| acid environments. Timetal 5111 Pd -

is fully corrosion resistant in'concen-
trated geothermal brine at 230°C
(445°F) and pH 2 to 3, both with and
without the addition of 1000 ppm of
ferricions. Applications include ma-
rine environments where toughness
and corrosion resistance are essential.
For more information: Timet Corp,
Henderson Technical Laboratory,
8000 Lake Mead Drive, Heniderson,
NV 89015; tel: 702/ 566-4403; Web site:
timet. .

for the “beam screen,” a tube
that is to be 15 meters (50 ft) long and
44 mm (1.7 in.) in diameter, with a
wall thickness of one millimeter. The
screen is to be continuously formed
and laser welded.

able, not susceptible to hot cracking,

kelvins (452°F, = )" says CERN
materials engineer Stefano Sgobba
The screen must be tot ly no
tic, to prevent mag field
distortion, and will be cooled! to10to
20 kelvins (442 to ~423°F, ~263 to

erate 20 &t:nes more power
A fuel cell that produces electricity
chemical reactions between
hydrogen peroxide and aluminum is

2023-11-28

“The stainless steel is readily weld-

and has high tensile properties, duc-
tility, and toughness down to 42 &

Exploring
the Unknown

Anew sainles teel s developed
for Europe's Hadron collder

ohler Edelstabl GmbH of
 Austria and CERN in Genev,
Switzecland, have ointly developed
a new sainless steel tha stays non-
‘magnetic even at very low tempera-
tures and maintains its magnetic
properties after welding, Stainless |
steel P506 contains 119% nickel and
129% manganese and was developed
specifically for the “beam screen;” a
component of the Large Hadron
Collder (LHC) being constructed
~ atCERN's European Laboratory for
Partie Physics.
When itis switched on in 2005,
the LHC will slam high-intensity
proton beams together at energies. previously
impossible, theeby enablng scientists to observe,
for the firsttime, phenomena that occured in the

early universe, ustaferthe “Big Bang”

oudy formed and laser- welded.

Tests bave shown that the pew stainless steel  quantum

has a low value of magnetic permeabilty of less
than 1,004, which is maintained over a tempera-

Quantum-Mochanically
Speaking.

Tivee solidstate prysicsts (two

i
re-thick, 15-metres-long perforated tube, mea-
suring 44 millimetres in diameter. The tube will
shied the vacuum chamber (in which supercon-
ducting magaets ae housed) from the synchro-
tron radiation emitted by the circulating proton
beam, The screen must be totally noo-magoetic,
thereby preventing magnetic field distorton. In
additon, 10 keep a thermal equilibrium on the
screen,the seeeen will e cooled to 10-20°Kelvin

by gaseous helium. The screen will be continu-

MCKEL, VL. 1, K0.1, SEFTEMRIR 1999

susceptible to hot cracking, and has high tensile
propertis, ductility and toughness down to
42°Kelvin?” says Stefano Sgobba, a materials
engineer for the European Laboratory for
Particle Physics.

‘These properties together with high resistance:
 corrosion, should prove usefl in other low-

Dear Sirs

WORLD METAL INDEX

The World Metal Index (WMI) is an information service which provides users with the
identification of metal grade, trade name or alpha-numeric reference number. It has
developed over a period of more than thirty years in response to enquiries from
companies; its coverage is world-wide. It contains references to both ferrous and non-

ferrous materials.

The index itself contains information related to over 200,000 gra’g,

information is backed by files of company trade catalogues and 2

data compilations in addition to the extensive standards collectic

Business and Technology Library. The service is staffed by exp R

personnel and is strictly confidential.

C
Appearance of your products in our index will advertise them to ¢ 5
P

users.

Iri order to keep our collection of trade literature up to date, | wot ¢

would supply me with
technical information of the following grades of metal

L wecledune

as advertised in

Yours faithfully

{p e Qe

Bagguley
Development Officer
World Metai Index

F\’S

ss steel stays non-

HMWMIGrade




LHC DIPOLE : STANDARD CROS

CERN AC/OU/MM - HE107 - 30 04 1999

Materials for
magnets

Table I. Chemical composition of melts (% weight)
C Mn Ni Cr Mo Si N
0.086 11.5 6.61 17.77 0.09 042 0.30
(6=0.005) (6=02) (6=0.06) (c—=007) (c=0.02) (—0.04) (c—0.01)

THERMAL SHIELD (55 to 75K)
« Stainless steel “Nitronic 40”

| type (YUS 130S ~ UNS 21904)

-------- IRON YOKE (COLD MASS, 1.9K) * In kind contribution from

DIPOLE BUS-BARS Japan (Nlppon St@@l)

* Rolled strip, 11000 t

« Twelve million collars
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LHC DIPOLE : STANDARD CROSS-SECTION

CERN AC/O/MM < HE107 - 30 04 1999

Materials for
_— ALIGNMENT TARGET m ag nets

oo MAIN QUADRIPOLE BUS-BARS

/ Hc avg = 78 A/m

3000 / Hemax=00 Wiy~ \

\

\ A,
\ o Crawg |
0 02 04 06 08 1 12 14 16 18 2 22

\
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—1 B (Tesla)

s T~ —— BEAM SCREEN
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\
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T AUXILIARY BUS-BARS

i S. Babic et al., Toward the Production of 50
/7~ SHRINKING CYLINDER / HE I-VESSEL 000 Tonnes of Low-Carbon Steel Sheet for
the LHC Superconducting Dipole and
Quadrupole Magnets,

- /. . / o T
‘ PHEINL BEIRL DR 2 https://doi.org/10.1109/TASC.2002.1018621

\\ NON-MAGNETIC COLLARS

;
I  UltraLow Carbon steel

ThM low carbon content - below 0.0025% - avoids aging

due f4

Hot rolling in the ferrite region (~800"C) allows to obtain a T DIPOLE BUS-BARS 1] H L
crystallographic texture type 110 at the surface and 100 in the » M ag n etl I type
core (i.e. the optimal orientation for magnetization). Hot T SUPPORT POST ° RO | I ed St rl p 50000 t
7

fabrication coss. improves steel surface quality and flatness. £ gotinell et al., "Production of Low-Carbon Magnetic Steel for

and allows the formation of a stable. protective layer of mill the LHC Superconducting Dipole and Quadrppole Magnets,“ in

T . , IEEE Transactions on Applied Superconductivity, vol. 16, no. 2, pp.
During the annealing heat treatment. the energy stored in 1777-1781, June 2006, doi: 10.1109/TASC.2006.873236

the steel with hot rolling allows grain size growth.



https://doi.org/10.1109/TASC.2002.1018621

LHC DIPOLE : STANDARD CROSS-! Courtesy Dr.N. Pauze, Arcelorittal .
T e Materials for

magnets:

£ structural,
cryogenics,
vacuum: the
LHC dipoles

example

~——— BEAM SCREEN

| * 3000 tonnes of 1.4429 (316LN)

~—— AUXILIARY BUS-BARS stainless steel plates

delivered by ArcelorMittal

SHRINKING CYLINDER / HE I-VESSE Industeel /FR

* 41 km of half-shells, @ 550
mm, 15 m length, 10.1 mm

. e NON-MAGNETIC COLLARS tthk prOduced by Butt'ng /DE

S~ THERMAL SHIELD (55 to 75K)

g “— IRON YOKE (COLD MASS, 1.9K) * Ingot casting = Forged
slabs = rolled plates

 MIG/MAG welding (STT) -

TSRrORT ST special cryogenic filler

—— DIPOLE BUS-BARS

3
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8
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Award of the American Society for Metals (ASM),
30/01/2004

METAL POWDER
III)I.ISTIIES FEDEHM‘IO’I

PM Design Competition Award Winnexr

Grand Prize, reception at the PM Part Competition at
PowderMet 2007, The International Conference on
Powder Metallurgy and Particulate Materials,
Denver-CO, May 13-16, 2007

Award: Grand Prize
Year: 2007

international journal of

Award of the American Society for Metals (ASM International, Finland) for Outstanding Achievements
OW ‘ I in Powder Metallurgy, to the paper "Powder HIP End Covers for CERN LHC Project, High Technology
for Low Temperatures", 6th Annual Powder Metallurgy Network Seminar, Engineering Solutions Based ‘

on Powder Metallurgy, Tampere 29th - 30th January, 2004 ‘ ) metso
»

metallurgy —

A -

A - Leak tight to gazeous He at 300 K

* Leak tight to superfluid He at 1.9 K
~SHRINIING CYL'NDE « 25 thermal cycles down to 1.9 K

THESMAmae= €nd covers High ductility and toughness at
NON-MAGNETIC COLLARS low T _ o

o Compatible with its
IRON YOKE (COLD MASS, 1.9K) environment (316LN)

o Cost effective
DIPOLE BUS-BARS

P T S. Sgobba et Powder metallurgy +
Stainless Stee HIPing

Temperature: :
Metallurgy W MIG/MAG & TIG welding

Kyoto, Japan, vol. 2, p. 1002-1005




LHC DIPOLE : STANDARD CROSS-SECTION :
Materials for

__— ALIGNMENT TARGET m ag N ets e

— MA|N9UADR|POLE.BUS-BARS
T [

——m HEAT EXCHANGER PIPE.
‘ E B EEEEEERE -

____——SUPERINSULATION
= —://
3 ~ \___—— SUPERCONDUCTING COILS
/’ - \I . . .
_\—— BEAMPIPE « Multidirectionally forged

316LN (1.4429)

flanges/sleeves
* From electroslag

remelted ingots

: i L- R T = : \
'l y | LA ! , | ) W \ N VACUUM VESSEL

——— BEAM SCREEN
,, | |\\ | « Special 316L (1.4435, high
" Ni+Cr), from electroslag
’ ’ ' ’ remelted ingots
Strip
\\\\\H“‘”““ Hydroformed bellows

Wit

T S—— \
NI ‘u‘ EPARTMENT




NEW TECHNOLOGIES FOR THE HIGH-LUMINOSITY LHC

Materials for magnets: HL-LHC

CIVIL ENGINEERING “CRAB” CAVITIES
2 new 300-metre service 16 superconducting “crab”
tunnels and 2 shafts near to cavities for the ATLAS and

ATLAS and CMS. CMS experiments to tilt the

FOCUSING MAGNETS
12 more powerful quadrupole magnets
for the ATLAS and CMS experiments,
designed to provide the final focusing
of the beams before collisions.

Fine-blanked F7/12 contract
collars

SUPERCONDUCTING LINKS COLLIMATORS CRYSTAL COLLIMATORS
Electrical transmission lines based on a high- 15 to 20 additional collimators and New crystal collimators in the
temperature superconductor to carry the very replacement of 60 collimators with IR7 cleaning insertion to improve
high DC currents to the magnets from the improved performance to reinforce cleaning efficiency during
powering systems installed in the new service machine protection. operation with ion beams. [ ] M 1- h 45 O -I- f
tunnels near ATLAS and CMS. O re O n O n n eS O

CERN February 2022

austenitic stainless steel strips
« Same stainless steel
HL-LHC implies: Beam screen specification as for the LHC
« 3.1 km of finished strip;
« 4600 m of seamless cold-  |T-4203/TH/HL-LHC
drdwn COOllng TUbeS N 3.1.1  Special austenitic grade stainless steel strip (CERN supply)
|engThS Of Up TO ]4 m The chemical composition of the CERN supplied stainless steel strip 1s grven in table 2.
SOme S.I.Oinless S.I.eel OS for Table 2 - Typical chemical composition (weight-%0) of the CERN supplied stainless steel strip.

%o C Cr Mo N1 Mn 51 N Cu 5 P B Co

-I-he LHC Min 15.0 0.8 10.7 | 118 030

Max | 003 | 195 1.0 113 | 124 | 05 033 | 015 | 0002 | 002 |0002| 01

Material for magnets & measurements - Il - S. Sgobba - EN-MME-MM ) ENGWEERNG
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| HL-LHC further 316LN plate production and
| forming (2015-1¢)
« Supplied by Arcelor Mittal Industeel
e 15mmx6.5m (11T project)
« 8mmx 6.5 mand 10 mfor WP3 (Q2, CP et

> SRy [ - W, Shrinking
p | 1 24 and inertia
NCF 20 U . Courtesy H. Prin /CERN-TE cylinders
C\w 2023-11-28 Material for magnets & measurements - Il - S. Sgobba - EN-MME-MM ﬁ) ENGINFERING 12
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Materials for magnets: stainless steels

1863°
1800 %4
L A - = .
4 - — 3000
16° e o —{ 2800
o-Fe 21% | .
(¥ 32400 °.
\ - (a-Fe,Cr) — w
'l 5
y-Fe -1 2000 <
o — Lt
W Curie - %
< temperature |goe 4a¢, —11600 W
f / _ = =
| ///l d l e 1 Jiz00
bcc a-Fe / \— - =~
N ! 475° \'\ — 1000
—— i — i it A e - e it -v—————!-——}b\ .

.

30 40 50 60 70 80 S0 Cr
CHROMIUM, wt %

Fig. 2 The iron-chromium phase diagram. (From “Metals Handbook vol. 8, p. 291, 8th ed.,
American Society for Metals, Metals Park, Ohio.)

Stainless steel: iron alloys containing a minimum of approx. 11 % Cr

2023-11-28 Material for magnets & measurements - Il - S. Sgobba - EN-MME-MM o Bz
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Materials for magnets:
austenitic stainless

steels

forr
fcc
FeC

v-lo
y-pl

enl:

forr
sup
forr

trar
can
sup

TEMPERATURE, °C

AISI 304, the "18-8" or "18-10"
stalnless (18%Cr, 8- 10%N|)

- CHROMIUM, % l:; e
50 40 30 zo 10 O 40 30 EG 10 0 30 40 0 20 10. o 10 o

TEMPERATURE, °F

1600 | Oy 1 T —7 ; T T T T ——TT 2912
. 50‘5!;-Fa 60% Fe . .80%Fe 90% Fe
1500 N L _ . ' _ ~ 2732
1400 |- AW - —{ 2552
1300 ’. | 2372
- 1200} I | ~Hz2te2
1100 i Y . H2012
1000 - TI - 1 Jotr T J1s32
Sy ns -
900{:_ +--‘$ la+y+o i ' TN ~11652
EUOIF cti IR .__{r _
_‘,'0 i'- yia | - : ' o .'l‘ﬂ".' . '14?%
0 - i AT E Y oL \ —1.2‘33:__
500—_i : ‘+"+"= g3z
. | '
) i
- 400 }. | | = : 752
W00r | - v
: ] I I i : . - :
|
_.200!: | : ! ! 4392 -
100 [ | Voo \ 212
0. 10 20 304050 O 10 20 3040 0 1O 20.30 O 10 20 O 10
S NICKEL , % - L S

 Fig. 14 C‘rﬂss e_:ecti-:-ns' of Fe-Cr-INi temary,

fork & knives

TEMFPERATURE, *F

28],

fth ed.,

ENGINEERING
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https://bssa.org.uk/bssa_articles/cutlery-stainless-steel-grades/

Materials for
magnets:
austenitic
stainless
Steels

More: https://cds.cern.ch/record/2723993?In=en

&:

Mechanical Materials Engineering
2 -15 June 2024
Sint-Michielsgestel, Netherlands

2023-11-28

Material for

I_Ig. Il-nlyulmhrﬂ-uhnlmiﬂhmm o

302
Ceirier sl -
pur s
T4-4
S30200

|

202
M B Mn
parely
r4place
i
SN

!

Vacuum & cryogenic applications: 304L, 316L, 316LN

mas HI 201
51 pdded & A N & Mn
£a ineradse partly partly
sMing repdace replics |
13slstanee i Mi .
S3E jpule 520100
O L
W g 1 ] .
317 316 o " 308 04 306 303 01 |
* Mg Mo grbe] T A0S Higher Leovwer C M irg pusesd S anded Cr& M 1
Mo & Q) - Cr& Ni Cri M far bettor Lo lasaer T ifmprove lawered to ,I
acidad for aMmoLion. HHLe ] o] carrosian wrark mekhin- ingrense i
brttar resistance | b far heat primarily resistance har ity uhility wrrk
carraaisi 531800 roskctance fon walding i welded | S3050H) 3030 hardaning
L 1T l=] L. SASG0 ShoE0n struriures | S
S30 00 e ) : 33000 x
N FIL 310 7 4 34350
C e T reduced 11 Hb & Ta Mare Mj o wfded
Far baLg far bemear, |- Cr&MNi| |added - 13 lwed For betier -
welding weiding YA i to prevont wirk machi ned
charaeTer chargétar- r heat carblge - *hardbcing . et -
istics Istics WA precipitatian | 52210 et
e 1009 B34 70 : X
L1008 !
i [ — .1 |
J18LN 314 E 348 N LN 530430
C reduted; IncreEtad 3 | Tu 4 Ce M mdclad N ankied Cu added
N uchded 1 highest vagtvicted T 0 reroRes 10 Mg
ra . for nyciear e g1 swraregth sold
treCTEREF IETares applications strength warking
stranryih 31400 3800 530451 S3
%
I Y S I l 1
31 20 120
5';;” . mi: £ irvensed i ackded
o | B B rg- o releT
addedt o G | 1o & B ra :
- AMpress ! increae: duced lar frarbnrridxion . .
- ; §rose- - ;i . Lo :
R mechinanilag [ strengdn BB egion 1::‘;;”"" .
ssigan | | s3eE] eracking NOS330 Source: ASM Metals
BN TENGR :
53 T

X

Handbook, vol. 3, 9th

ed. (1980)



https://cds.cern.ch/record/2723993?ln=en

Materials for magnets: austenitic stainless steels

® CERN 316N T8 :
Chemical composition (product analysis) * 20 : ,//// / /
Element N Ferrite numbe / N /
% by mass o ~ ( _ N P p /
cr 16.00 - 18.50* N @ : . Q> 2 e
GL) < Austenite y / / % s
= |ni 12.00 - 14.00* NS 18 f w7 2 r
k_DI C 0.030 max. = = 1 Q’%é%“/
+— | Si 1.00 max. -‘% °®16 S 30403(AISI 304 /l' “S?{L/ /V
x - T '
oM [y 2.00 max. 46’,) b= 530400(&15[ 3013\ — {_ . ///-\\a.@/
Z Mo 2.00 - 3.00* l @ ] v AN
- l :
e 0.14 - 0.20* 2 14 i 4 ///
LL] ORI RN Ve
U p 0.030 max.* § £’09 L 1 2 /,_// _
S 0.010 max.* 'g P aw /j/A/ { Austenite+8 Ferrite
Fe Remainder = 12 /7? X / Vd
N . .2 R z/ A 1 7 /
CERN requirement %, 1 //7//-//-////-;’ 7 /
Maximum allowed magnetic g WE—ste—sig sz ;0
permeability H.=1.005 atRT - Chrom:um equivalent -%@“‘/-.»1 5x°/@+0 5x°/’
allowed content of 5-ferrite is nil S-Stabilizers

2023-11-28 Material for magnets & measurements - Il - S. Sgobba - EN-MME-MM ﬁg ENGINFERING 16




Materials for magnets: austenitic stainless steels

S. Sgobba and C. Boudot, Matériaux et Techniques 95, vol. 11-12, p. 23 (1997)

7.0E-01
5 6.0E-01 — iy e T
foE‘J
\‘8 5.0E‘01 — —— & f‘ ""‘ ‘/
- "‘.' A
S s T
E 40e-01- e O
o & .7
'.g = _.." -
e At u + Points C.E.R.N.
2 = Points GIOVANOLA
2
S T R s Points DESHORS
Q
:,g) a —— Littérature : y= 0.068.x
1.0E-01 - s ¥ CERN 316LN: . < 1.005; structure |
¥.—=i# [ Tafter solution annealingishall be /=il seeass Ligne de tendance :
L &}:‘3/ completely austenitic y=0,0807.x
- L) A p—r e e A e S T T

6

% de ferrite (ferritoscope)
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Materials for magnets: austenitic stainless steels

Wda

0,20 —

U, e —

| y—primary

solidification

316LN - * " .
end-coVers
cracking :

(]

] o :‘, _ 5
c?‘cﬁ%’?@ oEof e

& susceplible
& slightly susceptible
0  not susceplible

o

'._EJ:.DE' :;.

o

0.00

e O

'I3 ) 1]4 | 1II5 8_ rimary

o i solidification

Schaeffler equivalent formulae for Cr,, and Ni,,
Cr,, = Cr+1.5Si+1.37Mo
Nieq =Ni+0.31Mn + 22C + 14.2N

.1

Korinko, P.S. & Malene, S.H. Practical Failure Analysis (2001) 1: 61.
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Materials for magnets: austenitic stainless steels

08 1.0 ')
N

"mumetal”, Ni8OMoO.5N

i3

S<0.0005; P=0.003 (!)*HH=
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20 .
10Mn-120r i Materials for
\ magnets:
15 austenitic

stainless steels

10

/ steel Cr Mo Si Ni Mn N C
/ UNS 21904 20 7 9 0.38 0.03

7~
e 32Mn-7Cr

[NiJeq:zNi+0.11Mn-0.0086Mn?
+0.41C0+0.44Cu+18.4N+24.5C

S 10 15 20 25

[Crleq:=Cr+1.21M0+0.488Si+2.27V+0.72W
+2.20Ti+0.14Nb+0.21Ta+2.48Al




Materials for magnets: austenitic stainless steels

Steels C Mn Ni Cr Mo Si B
—
< P506 > 0.012 | 12.05 | 1090 | 19.18 0.86 0.23 ><:0.001

S. Sgobba, C. Boudot,
Soudabilité laser d’aciers
inoxydables austénitiques,
Materiaux et Techniques
95, n°11-12, p. 23 (1997).

J.P. Bacher and S. Sgobba,
TIG Weldability of Special
Stainless Steels for the
Beam Screen of the Large
Hadron Collider, Bulletin du
Cercle d’Etude des Métaux,
XVI, p. 13.1 (1995)

2023-11-28 Material for magnets & measurements - Il - S. Sgobba - EN-MME-MM "R, ENGINEERING
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Materials for magnets: austenitic stainless steels

A A.CHRAA . T

"900" steel: composition,close-teP506 but high impurity %
content o
Stee! "900" % P506 fissuration @ ;" non-fissuration
o d | 3‘
w oS
21 2
3 3021A Op 32
1.0 1.1 1.2 l:3 1:4 1:5 1'6 1:7 1:8 1.9

Cr/Ni éq.

Créq._ Cr+1,37Mo + 1,5Si + 2Nb+3T|

Niég. Ni + 0,31Mn + 220_ + 14,2N + Cu

2023-11-28

Material for magnets & measurements - Il - S. Sgobba - EN-MME-MM

P506, very
low impurity
content

S. Sgobba: proc. Cycle Métaux et
Procédés, CIP - Tramelan /CH,
1996, p. 8/1-10

3
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Materials for magnets: austenitic stainless steels

1.E-02 / 3

9.E-03
_ 8.E-03 f
> T
> 7.E-03 | —e—316L
>
= af —e—304L
g 6.E-03 | UNS21904
o 5 ER UNS21904 - laser welded (Butting)
a —e— P 506 - base metall
a 4E-03F e @ e, _ | | P 506 - laser welded Ar/He
g ——— P 506 - laser welded N2/He
< 3.E-03 f
8 o

2.E-03

1.E-03 |

0.E+00

0 50 100 150 200 250 300

T/K

Warnes law: T, (K)=90—1.25Cr — 2.75Ni —5.5M0 —14Si + 7.75Mn

P506, predicted T_;=121.5 K, measured 125.7 K

2023-11-28 Material for magnets & measurements - Il - S. Sgobba - EN-MME-MM Y, ENGINEERING )
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Materials for magnets: austenitic stainless steels

Thermal contraction of selected stainless steels

3.2E-03
@304

* ¢ 316
¢ 321

‘o * LAISI 300 series

3.0E-03 F

# 1.4565 CERN average
2.8E-03 F @ N50 CERN trans
© N50 US trans'n'axial

0 1.4565 US trans

26603 - FXM-19 | gradiPSOG P506 type 01.4565 US axial

Int. thermal contraction (L293-L4)/L293 (m/m)

(NitI‘OniC®50) (med|um Mn) X Nitronic_50_present_series
22E-03 F | _ _ | grade JK2I2I>3
| i - JK2LB type
||l1crea5|.ng Mnlconteljt _ (high Mn)

Antiferromagnetic transition temperature (measured or calculated) /K

3
A ENGINEERING
25
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ITER TOKAMAK

Courtesy of ITER,
@iter.org

ITER represents the
future of nuclear
power where the
fission reaction is
replaced by a fusion
reaction, the nuclear
reaction that powers
the sun and the
stars, a safe, non-
carbon emitting and
virtually limitless
energy.

With its millions of
components, ITER will
be the largest and
most powerful
tokamak ever built.

35 countries will
collaborate during
35 years

A GIANT
23000T

10X the core
of the sun
150 milllions ° C

plasma temperature

FUSION ENERGY
500 MW
Output power

26



Materials for magnets: austenitic
stainless steels

2023-11-28 Material for magnets & measurements - Il - S. S;




Materials for magnets: austenitic stainless steels

Multi-Jackbolt
Tensioners

Outer tie
plates
3 Upper
v Inner tie —ksypuock
plates
Lower
keyblock
.

Suppor’r

2023-11-28

: hhf

Bottom

1ents - I - S. Sgobba - EN-MME|

Central Solenoid
Assembly Tooling Design
Description, courtesy of S.
Litherland, USIPO 1

.318E+09
.351E+09
.384E+09
.418E+09
.451E+09
.484E+09
.518E+09
.551E+09
.584E+09
.618E+09

BE0CROCAN

[Pa

S. Sgobba et al., Metallurgical assessment of large size
tensioning components for the precompression
structure of the ITER central solenoid, Fusion
Engineering and Design, Vol. 170, 2021
https://doi.org/10.1016/j. fusengdes 2021.112543



https://doi.org/10.1016/j.fusengdes.2021.112543

Materlals for magnets: austenitic stainless steels

Forged tie-plate dimensions:
Length: 152 m
width : 0.51 m
thickness: 280 mm at heads,
17] mm at central part

o Very large multidirectionally forged components

Lower Support brackets: Lower key block in
from material test assembly.
specification to 100% Courtesy of US
volumetric inspection.  ITER and Petersen
Courtesy of Monchieri

Tie plate single - . I
piece forging. | | ' I i :
Courtesy of Rolf ' g,r_ ____= o "_‘i_—"?f!iﬂ *
Kind GmbH , L] T Tl |

:\P li“l »l J,Q

C\‘%W .x ) i [T _’5—7-“_“

N




Materials for magnets: austenitic

rempersuri) L diecion Lo turo s ure e )

StalnIeSS Steels Long. 450+ 10 835+20 61+3
Transv. 44010 825%5 4514
Mechanical properties FXM-19 77 Long. 1180+£10 1760420 57+4
2000 Transv. 1120 £50 1715100 453
O requirement
1500 A Trermmt SAL Langeslag et 4.2 long.  1620£50 2115460 18+3
— B Head_Top_RT g r ¢
1000 w e Characterisation of Transv.  1700+£100 2105+90 15+4
Tail_RT Advanced
& 1400 1201 O Head_Bottom_4.2K Manufacturing 200
iuzoo 11407150 :He_ad—T°p—4'2" Solutions for the >300 | > 300 | >300
£ Tail 4.2k ITER Central M e —233 23—
g 100 Solenoid Pre- 3
s i B
~ 800 00 119762763 compression g ™
2 - System,” Fusion g . o42K
1
204 404 419 45%45%45% Eng- Des. (_2015); 8 . 293 K
w00 | 220 359 https://doi.org/10. E oW
1016/j.fusengdes.2 2
200 015.06.007 g P506
0
Rp0.2 Rm A 0
SPeCimen SPeCimen K|c ch 1600 Tie Plate Base (Nitronic 50) and Weld (316 LN) S-N Curves
location | orientation | [MPaym] | [N/mm] N30 Base Forgings SN (Walsh, 4K, R=-1, 5F=2)
- 100 A 316 LN Weld S-N (Walsh, 4K, R=-1, SF=1)
Head E_ 1200 || 316 LN [MIN] Weld 5-N (Walsh, 4K, R=-1, SF=1)
ca LT 170 130 : 1000 || ——316 LN [MIN] Weld Design S-N (Walsh, 4K, R=-1, SF=2)
(top) g
) ) Head LT 190 161 3 % I
Single piece forged (bottom) s o 0 : w \
188 157 E 0 vrusssaen 2
Tail (slab) LT I &a_ﬂ
LT 226 239 E_ Yy =724.22x _‘_ET————_____
Welded solution weld weld [ 112 62 ’ 000 10000 100000 1000000 10000000 Courtesy of R.P. Walsh, NHMFL
direction Cycles (N)

! ENGINEERING 30
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Materials for

magnets: Nuclear physics & Fusion research .}
. . ITER PROJECT SUMMARY
austenitic stainless
W, IWS, Ports &
steels i - TFCoil
5::25 enents. For 1.' ,I—.u l=l- — (CP and TFCS)
= : e ne 5 N T,
E R HHI, Efremoy, Ifer India, 1l T — gqg‘ll_'NTSSHlBA' CNIM
S300r AMW, ENSA,CNIM-LNT e - }'L‘” == e, 1 ,-.. : ik
S 316LIN)-IG ‘ " |
o0t . 3047304L,
8 1o < 8 304B4,
e Austenitic o :
g oo e S “oF ;ggm CRYOSTAT:
o e LNT
5 U 304L lter
ry

Yield Strength, &, MPa) A - Al o S = 2500T

4 K toughness-strength relation of nitrogen strengthened stainless steels.

A. Nyilas, P. Komarek - Cryogenic Tensile and ity
Fracture Properties of Struc%ural Materials for THERMAL
Superconducting Magnets in Fusion Technology SHIELD: DIVERTOR:
) SEA : | Hollming, CNIM,
304LN Walter Tosto
1700T 316L(N)-IG
Courtesy Dr. N. Pauze, > ]2 SOOT bOOked 201 8
ArcelorMittal Industeel

2023-11-28
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Materials for magnets: case study. Austenitic stainless steels: a low
permeability steel for the new CMS HG-CAL detector

C\E/RW 2023-11-28 Material for magnets & measurements - Il - S. Sgobba - EN-MME-MM ﬁ@ ENINFERING 32
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Case study: a low permeability steel for CMS HG-CAL

CMS DETECTOR SrEEL RETURN YOKE K.E. Buchanan, S. Sgobba et al.,
Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS -
Overall diameter :15.0m Pixel (100x150 um) ~1m?* ~66M channels t b b I h d
Opverall length :28.7m Microstrips (80x180 pm) ~200m? ~9.6M channels O e u I S e
Magnetic field :3.8T

SUPERCONDUCTING SOLENOID

Niobium titanium coil carrying ~18,000A

—zf:f*”—’t
‘3” o

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 540 Cathode Strip, 576 Resistive Plate Chambers
\

PRESHOWER
—  Silicon strips ~16m?* ~137,000 channels

‘;M

/ FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PbBWO, crystals

HADRON CALORIMETER (HCA{)
Brass + Plastic scintillator ~7,000 channels

564 t of stainless steel required for the CE-H cassettes, thickness 45 ~110 mm

The relative magnetic permeability in the bulk plate material shall not exceed 1.05
» Stringent control of ferrite content

Stability against martensitic transformations

2023-11-28 Material for magnets & measurements - Il - S. Sgobba - EN-MME-MM

Schematic view of the High Granularity Calorimeter

DRAWING No.CE-H/3

B
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Case study: a low permeability steel for CMS HG-CAL

S. Sgobba and C. Boudot, Matériaux et Techniques 95, vol. 11-12, p. 23 (1997)

7.0E-01
0 et

—~ 6.0E-01 = = = SR
= i
2 5.0E-01 { © — PR P ‘/
\8 S A
& 5 G
E wn C
£ 4.0E-01 {n O =
o el= u
> - O w
k< u o o Sl « Points C.E.RN
® 3.0E-01 Lo > . e
) 1: A 3
= SN = Points GIOVANOLA
o i
Sl e 7 s Points DESHORS
9 i
a 3 " ; —— Littérature : y= 0.068.x

1.0E-01 15 O N 316LN: 7, < 1.005; structure |

F.‘T’,_e’_/”o after solution annealing shall be | ------ Ligne de tendance :
i &}Vi completely austenitic y=0,0807.x
s L8 B e e e A o by o T f

6

% de ferrite (ferritoscope)



Case study: a low permeability steel for CMS HG-CAL

NUMERICAL DESIGNATION
1.4306

[ Material desiznation:
H2CIMi19-11
| Conntry/Standard:
European Union / EN
Group of Materials:
Meatals
Subzroup:

EM 10028:'.‘ Flat products made of steels for pressure purposas - Part 7

Stainless steels
Comment:
Anstenitic stainless steel

Nuance - Grade - Werkstoff X5CrNi18-10 (1.4301)
X5CrNi18-10(1.4301)
UNS S30400 (304)
UNS S30403 (304L)
Hypertrempe eau ( 1050 °C - 0.5 min/mm ) - Solution annealed and water quenched UNS 530400 (304)
UNS S30403 (304L)

Etat thermique de livraison - Heat treatment state of delivery - Wirmebehandlung Lieferzustand

Procédé d'élaboration - Melting process - Erschmelzungsart

Electric-arc furnace - VOD - Finishn®1 - 1D - HRAP

X2CrNi19-11 (1.4306)
X2CrNi19-11 (1.4306)

1.00349
X

Courtesy of S. Moccia &
M. Pentella /CERN EP | ]

”T_ogqe? —

Very clean heat : : A BT g O
1 Y m S+P ’ . ll:306 ArcelorMittal Industeel <3008]3> i Hoe prg

43 PP "ngh aIon" 304L [ g0 1ogai2 g3 " ng.FER
_— N coere e 1 doprer [ 10 — 1.00657

High alloy" 1.4306, T e | i

. ;] 0.043 b 8 >1.01
NI 10-417 % : :E; 1.00381 1.00364 1.00364 x 100374 1.00372 >1.01

= 108 ].1-3 : : \ : 3 ”
o Low magnetic permeability: LOWER
 Stringent control of ferrite content (composition / steelmaking route) / 1T 109002 PLATE

« Stability against martensitic transformations (grade selection)

2023-11-28
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i 0025!6\’\ I.D/Q/QEII 1 .0((}!32%.0

1.00309 |

& 100262
i ) <
] 4

>1.01
& 35
1.00254 1.00302 1.00324 1.00300 1.00312 1.00315
X X X X X X
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Rolled slab

Rolling of quarto plates

submerged eniry nozzle

Solution annealing and
finishing (descaling,
grinding, skin pass
rolling where
applicable)

Viaterial for magnets & measurements - Il - S. Sgobba - EN-MME-MM




AN Industeel

ArcelorMittal

‘77& /2,022 Le GFeusot z-' \"
\91@ Mittal Industeel — ; —
H V@;. b.smb *plates productlo‘p"

DEPARTMENT
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Case study: alow permeability steel for CMS HG-CAL womma Industeel

Quartering of a sample issued from a 120 mm plate

« This sample was issued from a 120 mm thick plate and
symmetrically machined down to 100 mm

« Other dimensions unchanged (50 mm x 100 mm)

« This machining operation is representative of the
fabrication of the HGCAL plates, whose thickness will
be reduced with respect to the original as-rolled
thickness

2023-11-28 Material for magnets & measurements - Il - S. Sgobba - EN-MME-MM




Case study: a low permeability steel for CMS HG-CAL wecorem Industeel

RELATIVE MAGNETIC PERMEABILITY

1,150
1,140
1,130
1,120
1,110
1,100
1,090
1,080
1,070
1,060
1,050
1,040
1,030
1,020
1,010
1,000

New Relative_magnetic_permeability _against position_in_thickness

1,1146
1,1143

1,0848

1,0110

Rolled face up after

machining

2023-11-28

1,0121

1,0071

1/4 1/2 3/4 Down Rolled face down
after machining

POSITION IN THICKNESS

Material for magnets & measurements - Il - S. Sgobba - EN-MME-MM

Double peak around mid-
thickness (at ¥2 t and %4 t,
respectively) as
metallurgically expected
The three central layers
feature values above
1.05

Average of layers in
thickness, including
rolled faces:
1 = 1.0519
Excluding rolled faces:
1, = 1.0690

< ENGINEERING
" DEPARTMENT
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Case study: a low permeability steel for CMS HG-CAL _ Double peak
metallurgically expected

Columnar grain Columnar grain

Cooling rate
0 < —> From S. Kim, Y. Shin, N. Kim, Distribution of & ferrite content in continuously cast type 304 stainless
steel slabs, Ironmak. Steelmak. 22 (1995) 316-325
9 -
8 cc slab @ — 10
32 il ?
- 7 £ 8 8
g § a3 _ 5 7
- g
c 6 8 £ 6
2 g I
8 5 s z
2
E o2

50 e 50 200

. 2 s
Distance fram surfaces {mm) 1 —&—Delta-Ferrite Vol. Fraction
0

<«—— Cooling rate

i o

=]
[S]
=
=

12 14 16 18 20

weld
0 1 1 IAI 1 1
surface center surface
(boundary of (boundary of
solidification zone) solidification zone) % s \‘ R
AL G
- SA S\ -
Fig. 1. Typical distribution of 8-ferrile across the solidification cross section. ?:‘ oo N ,'_'.\\ o ), ‘
| W BN SO
From Piotr R. Scheller, Roman Flesch and Wolfgang Bleck, ARSI S T e T R
Solidification Morphology and Microstructure Properties at S V‘,‘:‘é':_—_, i X3
Increased Cooling Rates for 18-8 CrxNi Stainless Steel, - it <y £ it DS - KRS lsars ,;_1»‘&:5,»\”‘ x2S
< 7 % 3t . + - F ey g 2 < p e e sl T - W
ADVANCED ENGINEERING MATERIALS 1999, 1, No. 34, p. < ~ Al e ~
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Case study: a low permeability steel for CMS HG-CAL o Industeel

ArcelorMittal Industeel results on this 60 mm plate

A
\ 4

MAGNETIC PERMEABILITY QUARTERING 1000 X 1000 A rcelon el
OPERATOR : RADOUANE RIAHI DATE : 29/04/2022
CUSTOMER CERN PLATE : 281146.11
ORDER : 5301588/150 HEAT : A220902
GRADE : 472BC - X2CrNi19-11 (1.4306) SIZE : 60 X 2800 X 4463
Mini : 1,003 Maxi : 1,168 Average : 1019
§ Face 1 Eace 2 R Fdges
‘-:Dn 3 ¢ 1000 ) 1,047' I] 10 N 168 1120 1064 1,082 1,019
%I ,006] 1,007 1,007 1,007 1,007 1,007 1,007 1,036 | 1,006] 1,009 1,010 1,010 1,010 / 1,007| 1,005 1,016
1,009| 1,009 1,010 1,010 1,010 1,010( 1,008 1,036 | 1,007|\1,009 1,009 1,010 1,010/ 1,008( 1,005 1,021
A f
o
o
o
~—
w] 1,013[ 1,012 1,011 1,011 1,011 1,012( 1,008 1,036 | 1,007| 1,p13 1,012 1,012 1,012 1,008( 1,006 1,029
A
8
(] 1,013[1,013 1,013 1,013 1,012 1,011 1,007 1,035 ] 1,006) 1,012 1,013 1,01/ 1,013 1,011 1,006 1,026
1,010 1,011 1,013 1,012 1,013 1,009( 1,006 1,030 | 1,006 1,00‘{ 1,007 /007 1,007 1,006 1,003 1,018
= 1 \ /
v e |
2231,5 T 1,029 1,028 1,044 1,037 1,019




Case study: a low permeability steel for CMS HG-CAL wesormmr. Industeel

 Volumetric measurements through static-sample magnetometry

« All the measurements were performed using the Foerster Magnetoscop 1.069 and a Static-Sample Magnetometer
(SSM)

Specimen #1 Specimen #2 Specimen #1 after machining

120 mm X 50 mm x 100 mm 60 mMm x 48 mm X 48 mm 100 mm x 50 mm x 100 mm

« A second goal is to establish a valid measurement method for in-situ inspection of the absorber plates using the
Foerster localised measurements

2023-11-28 Material for magnets & measurements - Il - S. Sgobba - EN-MME-MM e

)
<) DEPARTMENT




Case study: a low permeability steel for CMS HG-CAL

« The SSM works on the same principle of the Foerster Magnetoscop 1.069 (flux-distortion detection)

Magnet
k : : .
X r A « The presence of the specimen with susceptibility # 0
= inside a magnetic field determines a distortion of
the field lines
« By mapping the background field (no specimen)
M?g;,et and the distorted field, the permeability can be
excliauon . .
coils computed by inverse-problem solving
Bacléglrgund ih{{%z::g;ir:; I;tf Measurements
e sample
Linear = = Non-linear least-squares
positioning & = minimization
system Input Y

ermination
criteria?

no

Identified
parameter : [/

Moving NMR . Reference NMR Geometry FE model
orobe Test specimen probe nitial ;S| 0%

Measurement system layout

Hr New p-

estimation

Inverse problem algorithm

AN Industeel

ArcelorMittal

ENGINEERING
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Case study a Iow permeablllty steel for CMS HG-CAL .o Industeel

1.050 | 106 | SpeC|men #1
—e—Spemmen #1 —e—Before machining
—©—Specimen #2 | —&— After machining
1.040 | 1.05 ¢
|
1.030 | 1.04 ¢
o] o I
3 j: I
1.020 - 103)
|
1.010 - 1.02F
|
1.000 ! : : : 1.01 1 ! ! ! , D
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
B, [T] B, [T]
Foerster Magnetoscop 1.069 SSM
« Specimen #1:]1.0495| before machining, - Specimen #1 at 0.1 T| 1.04279 |before machining,
1.0519 after machining 1.05017 after machining
« Specimen #2:[1.0275 « Specimen #2 at 0.1 T} 1.02319

<} ENGINEERING
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Case study: alow permeability steel for CMS HG-CAL

Chemical Analysis 32 P Industeel
— O  ArcelorMittal
,O ©
Q8,3
* Heat Analysis ’ P
N
. A\ .
o _ N ,’ 0% ferrite,/ << e | o A215006 |
 The origin of higher permeability 15 ~ o A220103 |
of some plates can be traced back & il / o AT
to the respective heats and their _— & 4220505 |
- . . gepe . (=] ®
position in the solidification S L
. o A220601
diagram 2w S—
&
— 125 —+—A220601
C>U ——A221001
5 L ——A221101
g 15 ——A221201
" — —e—A221301
Z 1 rnZ ~+—A221401
A221501
10,5 ty
——A221601
10 A221702
16 20 24

Cr equivalent /%
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Non-magnetic materials, phase transformations and measurements
&El: .Mj Designation: A342/A342M - 14

L]
INTERNATIONAL

Standard Test Methods for
Permeability of Weakly Magnetic Materials’

This standard is issued under the fixed designation A342/A342M; the number immediately following the designation indicates the year
of original adoption or, in the case of zevision, the year of last revision. A number in parentheses indicates the year of last reapproval,
A superscript epsilon (g) indicates an editorial change since the last revision or reapproval.

This standard has been approved for use by ies of the U.S. Dep t of Defense.

1.2 The test methods covered are as follows: that varies in magnitude and direction, so it is not possible to

1.2.1 Test Method I—Fluxmetric Method is suitable for specify the magnetic field strength at which the measurement is

L —_ 4
materials with permeabilities between 1.0 and 4.0. This method L&,

permits the user to select the magnetic field strength at which 1.2.5 Test Method 5.—Vfbrating Sample Magnetometry is
the permeability is to be measured. suitable for materials with permeability between 1.0 and 4.0.
1.2.2 Test Method 2—Permeability of Paramagnetic Mate-  Lhis test method permits the user to select the magnetic field
rials has been eliminated as an acceptable method of test. strength at which the permeability is to be measured.
1.2.3 Test Method 3—Low Mu Permeability Indicator is 1.3 Materials typically tested by these methods such as

suitable for measuring the permeability of a material as “less  austenitic stainless steels may be weakly ferromagnetic. That
than” or “greater than” that of calibrated standard inserts with is, the magnetic permeability is dependent on the magnetic
permeability between 1.01 and 6.0, as designated for use ina  fie]d strength, As a consequence, the results obtained using the
Low-Mu Permeability Indicator.’ In this method, a small different methods may not closely agree with each other. When
volume of specimen is subjected to a local magnetic field that using Methods 1 and 5, it is imperative to specify the magnetic

Vaﬂc_s in magnituflc and direction, 5o It 15 not possible to field strength or range of magnetic field strengths at which the
specify the magnetic field strength at which the measurement is permeabilities have been determined.

made.

1.2.4 Test Method 4—Flux Distortion is suitable for mate-
rials with permeability between 1.0 and 2.0. In this method, a
small volume of specimen is subjected to a local magnetic field

.} ENGINEERING
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Non-magnetic materials, phase transformations and measurements

« Measurement of material permeabilities
« Materials to be measured should be thicker than 8 mm

« Measurements of materials thinner than 8 mm by
stacking two pieces

« Air gap between two pieces as small as possible
« Flat area not less than 20 mm in diameter

« Radius of curvature not be less than 40 mm

« Otherwise permeability less than actual value

Courtesy of Foerster, MAGNETOSCOP® 1.069

Available in EN-MME-MM and TE-MSC

<} ENGINEERING
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Non-magnetic materials, phase transformations and measurements

7

o

"gradient probes" or
field sensors

%ﬂ R e

4

« "Based on acylindrical permanent magnet

« A gradient probe is placed on either side of the cylindrical magnet in the plane perpendicular to the
cylinder axis at the center of the permanent magnet

« If the cylindrical magnet is placed on a material whose permeability is greater than 1, there is a minute
displacement of the magnetic zero of the cylindrical magnet towards the material on which the magnet
has been placed

* In the lower permeability ranges this displacement is a measure of the permeability of the material"

2023-11-28 Material for magnets & measurements - Il - S. Sgobba - EN-MME-MM




Non-magnetic materials, phase
transformations and measurements

bo

Martensitic transformation have two forms: - ]
: v

« y=da,b.c.c,, relevant for magnetic purposes w;;sé: =6

 occurs spontaneously on cooling and/or is strain induced under a giver’[ .=~
temperature = 3 "
2,82
* cause of loss of non-magnetism in austenitic stainless steels ¢ iy g, ji08 C(%’)-’- 16 2.0

intervallo delle posizioni
degli atomi di ferro

0 probabile posizione
degli atomi di carbonio

Fig. 4.33 Schematizzazione del reticolo tetragonale della martensite: la forma allungata della posizione
degli atomi di ferro sta ad indicare che la distanza reticolare degli stessi, relativamente all’asse ¢, puo
variare (da H. Lipson).

2023-11-28 Material for magnets & measurements - Il - S. Sgobba - EN-MME-MM ., ENGINEERING
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Non-magnetic materials, phase transformations and measurements

1able a.2 Temperature equivalents for caicuiation of stability parameters of austenitic steeis.
—

mperature Equivaient jie
Femperatire o0 Comments, Composition Range

Base Cr Ni Mn Si C N Mo Other (wt. %)

vestigator {Year)

T U2 o T,., temperature of spontaneousy =o' .- s-12ni
martensitic transformation oI008
Monkman, Cuff, Grant 1455 -36.7 —36.7 LlaQ = 1460 49 allovs, l‘lf_l?g‘_%\-UNi.
957) .
| (};ammond(l963) 1105 29 -39 Transformation (T, T 4 calculated):
I | * General purpose 304L (1.4307, X2CrNi18-9) = T _.=280K, T, =346K
Andrews (1965) 273 -12.1  -17.7 _ .
* Highalloy 304L (1.4306, X2CrNi1g-11) = Ths=140K, T, ,=320K
* Prototype HG-CAL 304L (as above) = T,.=76K, T, 4=305K
Hull (1973) 1755 47 -9 ¥ * CERNstore 316LN (1.4429, X2CrNiMoN17-13-3) =  T,,=n.a, T 4=240K
* Beam screen P506 grade = T,=na.,T,4=36K

00.15N, 0-0MO0, Lo, 0211

f.c.c.-b.c.c. T, temperature of strain induced y = o'

deformation . '
1sion, 50% a

Angel (1954) ortc .
i fgl poreih , Mmartensitic transfo rmation mpression, 60 alloys:
otk g | - 24Cr, 0~22Ni, 0-20Mn,

0~4Si, 0-0.1C, 0-0.15N,
0-6Mo, Co

=222 =222+ =¥l 459, compression, 2.5% a’, 25

alloys: 12-25Cr, 9-20Ni,

1-2Mn, 0.1-0.6Si, 0.04—

0.25C, 0.01-0.IN, Do

0(’_28M0 -/ ENGINEERING

Williams, Williams, 686 -6 ~25 -16 +21
Capellaro (1976)
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Non-magnetic materials, phase transformations and measurements

2023-11-28

Partially transformed austenite of an AISI 316L austenitic stainless steel sample strained 6.5% at
4.2 K. Martensite is concentrated in bands (under the white boundary in Fig. a), developing during
tensile deformation. A detail of the austenite-martensite microstructure is shown in Fig. b (see also
C. GARION, S. SGOBBA, B. SKOCZEN, Constitutive modelling and identification of parameters of
the plastic strain-induced martensitic transformation in 316L stainless steel at cryogenic
temperatures, International Journal of Plasticity, 22 (2006) 1234-1264)

Material for magnets & measurements - Il - S. Sgobba - EN-MME-MM
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Material for magnets

304L
3000 - 1100
—Stress 4K
—Stress 77K .
2500 —Stress RT -180 §
—4—Martensite content 4K a
__ 2000 ~¢-Martensite content 77K é
6_“ ~$-Martensite content RT | 460 "%'
€ 1500 S
g o
E 140 @
1000 — z
_ N @
— N 20 F\j
500/ ' =
0 L] | P el e® | | | | 0
0 10 20 30 40 50 60 70
0,
Ctrue (%)
316LN
3000 - 1100
—Stress 4K
—Stress 77K
2500 - |—Stress RT 180
——Martensite content 4K
| [+ Martensite content 77K ™~
— 2000 ——Martensite content RT

60

Martensite content (mass%)




Non-magnetic materials, phase transformations and measurements

Reference RT 77 K 4 K

304 L

44 % deformation 25 % deformation . 23%deformation

316 LN

45 % deformation ¢ 0 36%def0rmation _____32%deformation

N - 10 1 A S5 5 ) 150075 T Gnds 48

Figure 2 - EBSD phase map and band contrast map on 304 L and 316 LN samples at different temperatures. Colour code: martensite (Fe BCC)
appears in blue, while the austenite (Fe FCC) is shown in red

Quantitative assessment through EBSD techniques associated
to SEM

Flow and fracture of austenitic stainless steels at cryogenic
temperatures, P. Fernandez-Pison, J.A. Rodriguez-Martinez, E.
Garcia-Tabarés, I. Avilés-Santillana, S. Sgobba (Dec, 2021),
Engineering Fracture Mechanics 258 (2021) 108042,
https://doi.org/10.1016/j.engfracmech.2021.108042

Figure 3 - Correlation between EBSD map

2023-11-28 Material for magnets & measurements - Il - S. Sgobba - EN-MME-MM and optical microscope image for SS 316 LN
@ 4K, 32% deformation
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Non-magnetic materials, phase transformations and measurements

New Technologies Commercial AISI 316 austenitic stainless
il Nt steel, annealed at 1400 K

testing

Anton Paar Step 700 Ist pass
* Nanoindentation (1 - 100 mN) AFM :
* Microindentation (up to 30 N)
* Atomic force microscope
-
30/09/2022
. 03 —
£ 0.4 \". © : /\, A\ ]‘(d)/,:' \. A / ‘.,/\.\-
S \ 7\ / 02~ 1\ f o\ /T s
Eo02¢\ / \ / \¢ =it 4 \ /
; \./ \ / \‘J" 0 1 Nof \ / Height Data
0.0 4 v 0.0 ‘» -
L | 041 1 i
kY H l"’l Wl /l KI N l [ ! | /Aﬁ /
3 o4/ | | ! v—I‘ / W/ | \ 0.0 e ) ‘."I ﬂ\" ‘MJ’ \
g ,\' ‘ |l( ‘ | [I 04 K‘ | ' h' f
¥ . O 2 | !
' 2 3 4 8 0 3 2 6 8 10 2nd pass
X (um) X (pum)

J. Sort et al., Applied Physics Letters 89 (2006) 032509 Lik Height /

Now available in EN-MME-MM! -
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20 um 20 um

5 <3>Topweld metal (laser) ;.-

" p— - . | L ."«’a E
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6. Conclusions

o Materials for an accelerator or fusion magnet part is not a mere "chemical composition" or a

designation
o  Sspecification
o steelmaking
o definition and extent of the controls
o  certification
o quantity
o  price

o Application of extensive “state of the art” NDT techniques

o stainless steels for vacuum, cryogenic and/or structural applications 100 % examined during production
and at reception
o Low T and/or non-magnetism of components require special care and extensive cross check by
advanced testing

o lrreprocheable production route, starting from steelmaking

Advanced grades, even if standardized, imply extensive prior R&D. However, several grades already
gualified for cryogenic structural applications

DEPARTMENT
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k1o CL. CLAUDIANUS. (v.6.)
(mucutmt motus, quis fulgura ducat hiatus,

Unde t?)'m;nt nubes, quo lumine floreat arcus;

Heec mihi q:xa,’lmtl, si quid deprendere veri

Mens valet, expednaf Lapis est cognomine Magnes ,
Decolor, obscurus, vilis : non ille repexam
Ceasariem regum , nec candida virginis ornat
Colla, nec insigni splendet per cingula morsu :
Sed nova si nigri videas miracula saxi,

Tum pulchros superat cultus, et quidquid Eois
Indus litoribus rubra scrutatur in alga.

C. L. F. PANCROUCRKE.

Exegi monumentum re perennius.
(Hon., Od.1ib. 111, ode 30.)

o

ot

i
3
S
A
B
s
B
i\
ol
/A
1)

IDYLLES. — V. 41z

lemens de la terre, et, déchirant la nue, en fait jaillir
]’edllzul et fait gronder la foudre; quelle lumiere colore
Jarc d'T5 1§~.;no} aussi , je cherche a résoudre ces grands
problemes ; et 'sn.thrc esprit peut entrevoir la vérité,

There is a stone called the magnet; black,
dull, and common. It does not adorn the
braided hair of kings nor the snowy necks of
girls, nor yet shine in the jewelled buckles of
warriors' belts. But consider the marvellous
properties of this dull-looking stone and you
will see that it is of more worth than lovely
gems and any pearl sought of Indian amid
the seaweed on the Red Sea's shores.

TOME SECOND

PARIS
C. L. ¥. PANCKOUCKE, EDITEUR
UFFICIER DE L'ORDRE ROYAL DE LA LEGION DHONNEUR

RUE DES POITEVINS, N. 1/

M DCCC XI
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Spare slides

2023-11-28 Material for magnets & measurements - Il - S. Sgobba - EN-MME-MM /) ENGINEERING o

DEPARTMENT




Case study: a low permeability steel for

CMS HG-CAL

281142T - 120 mm
(original thickness)

281142T — 100 mm
(machined down to)

281146 — 60 mm

AN Industeel

ArcelorMittal

2023-11-28

Averaging method

Layers in thickness, including
rolled faces
Mid thickness x 3 and rolled

faces
Mid thickness x 1 and rolled

faces

Layers in thickness, including
rolled faces

Mid thickness x 3 and rolled
faces
Mid thickness x 1 and rolled
faces

Layers in thickness, including
rolled faces

Mid thickness x 3 and rolled faces

Mid thickness x 1 and rolled faces

Localised measurement (0.1 T)

1.0495

1.0522

1.0306

1.0519

1.0545

1.0343

1.0275

1.0508
1.0343

Volumetric measurement (0.1 T)

1.04279

1.05017

1.02319

Material for magnets & measurements - Il - S. Sgobba - EN-MME-MM
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Case study: a low permeability

steel for CMS HG-CAL

Two heats affected by ferrite precipitation resulting in
3:2 average |, > 1.05 on some plates

Plate n° Heat n° Thickness / Average Average
mm permeability permeability
3:2 1:2

293526-11 A215006 60 1.065 1.040 o ¢

293525-11 A215006 60 1.052 1.032 § <

293525-21 A215006 60 1.044 1.027 N

293526-21 A215006 60 1.060 1.037 <

281146.11 A220902 60 1.038 1.025

281148.11 A220902 60 1.029 1.019

287355.11 A220103 80 1.006 1.008 §

287354.11 A220103 80 1.009 1.007 Q

281088-11 A220505 80 1.088 1.057 2 <

280472.11 A215006 80 1.036 1.022 © <

280470.11 A215006 80 1.021 1.014 § <
~N Industeel <

ArcelorMittal

2023-11-28 Material for magnets & measurements - Il - S. Sgobba - EN-MME-MM {}é ENGINEERING




CMS HG-CAL

AN Industeel

Case study: alow permeability steel for ,
ArcelorMittal
Plate n° Heat n° Thickness / Average Average
mm permeability permeability
3:2 1:2
293526-11 A215006 60 1.065 1.040
293525-11 A215006 60 1.052 1.032
293525-21 A215006 60 1.044 1.027
293526-21 A215006 60 1.060 1.037
281146.11 A220902 60 1.038 1.025
281148.11 A220902 60 1.029 1.019
287355.11 A220103 80 1.006 1.008
287354.11 A220103 80 1.009 1.007
281088-11 A220505 80 1.088 1.057
280472.11 A215006 80 1.036 1.022
280470.11 A215006 80 1.021 1.014

2023-11-28

Material for magnets & measurements - Il - S. Sgobba - EN-MME-MM
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Materials for magnets: austenitic stainless steels

mm P506: remarkable
SONg. | @0RA0 T 8RA0IOLES | combination of strength,
Transv. 440+ 10 825+5 45+ 4 ope .

77 Long. 1180+10  1760+20 57+4 ductility and impact
Transv. 1120450 17154100 453 toughness at4.2 K

4.2 Long. 1620 = 50 2115+ 60 18+ 3

Transv. 1700 £ 100 2105+90 15+4

> 300 | =300 | > 300

250 233—234

219

042K

m293 K

50
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1.E-02 _
0.E.03 / Materials for
_ 8.E-03 | magne_ts_:
2 7Eo03 | e austenitic
é 6.E-03 .// +3?w4;21904 StalnleSS
) 5 E-03 UNS21904 - laser welded (Butting) Steel S
a —e— P 506 - base metal
8 4E03 F e @ Tt 1 | | P 506 - laser welded Ar/He
2 — — — P 506 - laser welded N2/He
E’ 3.E-03 MM
= oeos | 1. Lowest possible magnetic
1E-03 | v susceptibility at RT
0.E+00
0 50 100 150 200 250 300
T/K
2. Highest possible 3. Total absence of 5-ferrite in
temperature of parent metal and welds = high
antiferromagnetic transition purity of the parent metal

2023-11-28 Material for magnets & measurements - Il - S. Sgobba - EN-MME-MM




. . . . . P. Libeyre et al., “Addressing the Technical
Materials for magnets: austenitic stainless steels g e constucionafine ek centra

Vol. 22, (2012), p. 4201104

Tie plates, LKB and vpper | Yield strength required at RT when using JK2LB for the jackets: 230 MPa
structures: — F316LN excluded (205 MPa)
FXM-19? (Nitronic®50) — FXM-192 (Nitronic®50) selected (345 MPa)

Initially considered both forged or welded solution

Steelmaking process — ESR or VAR as needed, 3D forging

Microinclusion cleanliness — As per ASTM E 45 method D <0.5 (A and C), < 1.0 (B and D)
Macroinclusions not permitted — ESR generally applied to meet this and other requirements
Fineness of microstructure — grain size number = 3 as per ASTM ET112

Homogeneity of microstructure — grain size within the range of + 1T number

Limited ferrite content — less than number 1.0

Limited magnetic permeability — < 1.03

Internal soundness — 100 % UT

Mechanical strength and fracture toughness specified, including at cryogenics —

o 0o o o o o o o o o

S.A.E. Langeslag et al., “Extensive Characterisation of

Advanced Manuacturing Solutions for the ITER Central R. Walsh et al., "Welded tie plate feasibility study for ITER central

solenoid structure", Adv. Cryo. Eng, AIP Conference Proceedings

Solenoid Pre-compression System,” Fusion Eng. Des. (2015), . ) . &
https://doi.org/10.1016/j.fusengdes.2015.06.007 1574, 16/(2014); https://col.org/10.1063/1.4860598



https://doi.org/10.1016/j.fusengdes.2015.06.007
https://doi.org/10.1063/1.4860598

Materials for magnets: austenitic stainless

steels

Requirements: |

* Very high strength and toughness at 4 K: Rp,, > 1200 MPa; Rm > 1600 MPa; K. > e S
130 MPa vm e

* Fatigue resistance at cryogenic temperature

» Larger thermal contraction than central solenoid jackets (JK2LB) for an effective
pre-compression at 4 K

S.A.E. Langeslag et al., “Extensive Head- and slab-forgings, joined together via
Manufactunng Soputions for the ITER a Gas Metal Arc Welding (GMAW) process
H 1 1 anutracturing Sotutions tor tne °
Single piece welded and forged solution Contral Solengid Pre-compression R , hanical os of
System.” Fusion Eng, Des. (2015), a‘e cryogenic mechanical properties o
n 7 . - i 4 . . .
P https://doi.org/10.1016/j.fusengdes.201 g (\\e\“\ weld did not fulfil the requirements

a2 e e‘\“\

STI ==
— |t AN A\ R. Walsh et al., "Welded tie plate feasibility study for ITER
: d ¢ central 3olenoid struct(ure", ;\dv. Cryo. Eng, AIP Conference
=~ N Proceedings 1574, 16 (2014);
LD P 699,\:\:§@“‘ https://dot.org/10.1063/1.4860598
,\0\\%“3\\ «©
o & 150 m Produced by applyi ive forgi
o e € /150 mm roduced by applying successive forging
* O 3 ..
o steps, followed by a final machining
operation.

ST « Higher mechanical properties, including

cryogenic fracture toughness and lower

y
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https://doi.org/10.1063/1.4860598
https://doi.org/10.1016/j.fusengdes.2015.06.007

A

Courtesy Dr. N. Pauze, ArcelorMittal
ArcelorMittal Industeel In d U Steel SRR N p—

Casting ingot
Ingots
preparation

Customer
order

Electrical Secondary
furnace metallurgy

treatment

S EEEE

Certification

Shipment Cutting

Inspection and
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Non-magnetic materials, phase transformations and measurements

All coefficient are negative:

* good rule: "the more alloying elements one uses (and can afford!), the more stable the austenite will
bell

* 304l isthe least stable among the alloys used at CERN.
* 1.4306 generally specified by CERN and preferred to 1.4307 (general purpose)

* total stability requires a specific alloy selection or design, see the (HL-) LHC beam screen example

Transformation (T, T,.4 calculated):

ms/

* General purpose 304L (1.4307, X2CrNi18-9) = T,.=280K, T ,=346K
* Highalloy 304L (2.4306, X2CrNi1g9-11) = T,=140K, T ,=320K
| * Prototype HG-CAL 304L (as above) = T,.=76K, T ,=305K |

* CERNstore 316LN (1.4429, X2CrNiMoN17-13-3) = T, .=n.a, T, ,=240K

* Beam screen P506 grade = T,.=na,T, 4=36K
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